ABSTRACT Due to the problem of inter-channel interference, the average bit error probability (ABEP) performance of the traditional multiple transmit and multiple receive antenna systems obviously deteriorates. A promising scheme to address this issue is the spatial modulation (SM) which activates only one transmit antenna at each signaling period. In addition, the demand to provide data services for high mobility users is ever increasing, where fading channels are more likely to be rapidly time-varying. Therefore, in this paper, we investigate the ABEP performance of SM under the assumption that system's fading channels are Rayleigh and varying from one signaling period to another within the same transmitted data block. Further, to simplify the decoding complexity at the receiver, the channel is assumed to be estimated at the first location of each data block and then used to detect the received symbols at the remaining locations of the block. For such a system, and unlike other literature works, we derive novel, exact and closed-form reduced enough expressions for the average pairwise error probabilities (average-PEPs), which are then used to compute the system's overall per-block ABEP efficiently. The derived expressions are generic and valid for both time-varying and slow fading environments. Furthermore, the obtained analytical results are exploited to quantitatively show that the time-varying fading environment degrades the SM system's performance through irreducible error floors. Numerical and simulation results of various examples are provided to validate the theoretical analyses and also to get some insights into the effect of the different system parameters (such as the speed of the mobile, the carrier frequency, and the block size of the channel variations) on the overall SM error performance.
I. INTRODUCTION
Spatial modulation (SM) was introduced as a promising design to avoid some undesirable issues arise in conventional multiple-input-multiple-output (MIMO) transmission systems, such as the large number of transmitting radio frequency (RF) chains and the inevitable receiving interchannel-interference (ICI). At the same time, it was shown that SM guarantees acceptable spectral efficiency and implementation complexity levels [1] - [6] . Besides the traditional two-dimensional signaling modulation, the SM creates an additional dimension commonly so-called the spatial dimension (transmit antenna indexes) to carry extra information
The associate editor coordinating the review of this article and approving it for publication was Lie-Liang Yang. bits. Exactly, in SM multiple antenna transmission systems, one antenna is activated at a time to transmit a modulated symbol where the location of that activated antenna is utilized to convey additional information bits. As one antenna is activated at a time, one transmitting RF chain is used and receiving ICI is avoided. SM is expected to be among the key techniques in coming 5G mobile communication systems [7] and [8] .
SM has gained huge endeavor in communication systems research community, especially, in studying its average bit error probability (ABEP) performance over wireless multipath fading channels, for e.g., [3] , [9] - [21] . A careful literature survey confirms that most existing works focus on evaluating the SM systems' ABEP performance assuming quasi-static fading channels, i.e., the channel temporal characteristics are assumed to be invariant for a relatively long time. However, this assumption is not always reasonable, in particular, when high mobility communication applications are involved. In other words, several practical and modern high-mobility communication architectures necessitate modeling the fading channel to be time-varying, see for example [22] - [30] and references therein. Therefore, performance evaluation of wireless communication systems, including SM, over rapidly time-varying fading channels helps in understanding their behavior over such fading channels, which, by itself, helps in improving their design to be compatible to such fading channels.
We are aware of a few research works that have focused on investigating the performance of SM systems in high mobility (or rapidly time-varying) communication environments, like in [29] - [36] . In [29] , the ABEP performance of SM systems under vehicle-to-vehicle channel models was analytically evaluated. Due to mobility, the fading environment was modeled to be time-varying where the two-ring deterministic sum-of-sinusoids (SoS) simulation model was adopted. The obtained final ABEP expression is not simplified and given in integral-form formula. In [30] , the error performance of generalized SM systems with differential detection was studied under the effect of high terminals mobility where the first order auto-regressive (AR(1)) fading model was adopted to model the time varying system channels. In [32] , an improved channel estimation method for time-varying Rayleigh fading SM systems was proposed and compared with the conventional pilot-based least square (LS) estimation method in terms of ABEP performance. The AR(1) process was adopted to model the varying nature of the temporal characteristics of the system's fading channel. The numerical results in [32] showed that the ABEP performance of SM systems is affected by high mobility and suffers from what is well known by error floors. Nevertheless, the work in [32] has a drawback that the ultimate obtained average pairwise error probability expression (APEP) was not exact, and also, was not explicitly simplified in terms of some important system parameters such as the average signal-to-noise-ratio (SNR) and the channel temporal correlation parameter. In addition, no explicit analytical expression was obtained to quantitatively determine the error floors arise due to high mobility assumption. In [33] , the authors considered a general MIMO communication systems (including SM) operating over spatially correlated fading channels with imperfect channel estimation. Similarly, due to high mobility, the fading channels were assumed to be varying from one signaling period to another within the same data block. The receiver was assumed to be capable of estimating the fading channel coefficients of each individual signaling period (it should be noted that such assumption is less practical because estimating fading channel coefficients for each signaling period is overwhelming to the receiver). For such a high mobility SM system, the authors derived a general maximum-likelihood (ML) receiving detector along with other low complexity suboptimal detectors. The system conditional PEP was derived while its average was obtained in integral form expression. Simulation results in [33] showed that system performance is degraded by nodes mobility. In [34] , the ABEP performance of an OFDM based communication system with index modulation (which is inspired from the idea of SM) was evaluated under the impact of high vehicular mobility, where only simulation results were conducted and confirmed the harmful effect of high mobility on system performance. In [35] , the authors focused on studying the ABEP performance of high mobility SM communication system with different channel estimation methods employed. The study showed that SM systems with the conventional pilot-based recursive-least square (RLS) channel estimation method is severely degraded by high mobility. In order to reduce such degradation, the authors in [35] also proposed an improved iterative channel estimation. Despite that, ABEP performance results in [35] were obtained only through simulation results and no analytical results were derived.
Based on the above discussion, in this paper, we aim at introducing a generic analytical study on the ABEP performance of SM systems operating over rapidly time-varying Rayleigh fading channels. Specifically, we consider a wireless SM communication system operating in time-varying fading environment which is modeled via the AR(1) process. 1 Based on this model, the fading channel is assumed to be varying from one signaling period to another within the same transmitted data block. We also assume that the channel is estimated at the first location of each block to detect all symbols in the block. By these realistic assumptions, different practical parameters such as the speed of the mobile, the carrier frequency, the data symbol rate, and the block size will be considered in this study. However, what makes our work differ from others is that under these considerations, we derive new, exact, and closed-form simplified enough expressions for the average pairwise error probabilities (PEPs) for the three well-known SM detection error types described in [12] . These expressions have elegant features that they are generic and valid for time-varying as well as for quasi-static fading channels because they are expressed in terms of the communicating terminal relative speeds. The derived average-PEP expressions are then directly used to compute the system's per-block ABEP using the improved union bounding technique proposed in [12] . In addition, the irreducible error floors that appear due to the time-varying nature of the system's fading channel are obtained for the first time. The study provided in this work is of great importance as it may help network design engineers to be aware of the effects of the time-varying channels on the error performance of SM through new and simplified analytical expressions
The rest of this paper is organized as follows. System model is described in Section II. In Section III, the system per-block ABEP performance is theoretically evaluated. The ABEP floors appearing due to the time varying fading 1 It should be noted that the AR(1) model is powerful and sufficient tool to model the rapidly time-varying fading channels [37] - [39] , and, recently, it has attracted obvious interest in wireless communication literature, like in [30] , [40] - [42] and references therein. VOLUME 7, 2019 channels are analyzed in Section IV. Numerical and simulation results are discussed in Section V. Finally, conclusions are drawn in Section VI.
II. SYSTEM MODEL
In this work, we consider a wireless MIMO communication system equipped with N t transmit and N r receive antennas. We concern with time-varying fading environment in which terminal speeds (say in mile-per-hour) raise the chance to make the wireless MIMO fading channel vary from one signaling period to another (i.e., time-varying). Therefore, over a block of L signaling periods, we assume that the N r × N t channel gain matrix at the l th signaling period is modeled by the AR(1) process as [37] - [39] 
where
is the time channel correlation factor and C(l) is the varying component of the fading channel which is independent from one signaling period to another. For Rayleigh fading channels, the elements of B(1) and C(l) are assumed to be independent and identically distributed (i.i.d.) complex Gaussian random variables each with mean of zero and variance σ 2 B(1) . By using Jakes' autocorrelation model [43] , we can relate the correlation factor ρ to the user speed as
where J 0 (.) is the first kind Bessel function with order of zero, ϑ is the relative speed between the two communicating terminals, λ is the signal wavelength and R s is the data symbol rate. Using (1), B(l) can be expressed in terms of the channel gain matrix corresponding to the 1 st signaling period, B(1), as
It is worthy of noting that the elements of the matrix Q(l) are i.i.d. complex Gaussian random variables with mean of zero and variance σ 2
. In line with practical system assumptions and some literature works like in [40] , we assume that the channel estimation circuits at the system's receiver can perfectly estimate the channel gain matrix only once for each transmitted data black. This means that, for a specific data block with size L, the matrix B(1) is perfectly known at the receiver. This estimated matrix is then used in the signal detection processes for all signaling period positions in the received data block [40] . As the fading channel is time varying, the channel gain matrix corresponding to the l th signaling period will be numerically different from the estimated B(1), which yields the appearance of additional detection noise.
To avoid the issue of ICI exists in conventional MIMO systems, we adopt the technique of SM, where, over each signaling period of data transmission, one transmit antenna is activated. In order to achieve spectral efficiency of (m + n) bits per channel use, a group of (m + n) data bits is applied to determine the spatial index related to the activated transmit antenna and the constellation index related to the actual transmitted symbol. To illustrate, the first m bits of the group are used to activate one transmit antenna whereas the other n bits are used to choose a symbol from the modulated constellation set. As an example of this scheme is to use 2 transmit antennas and QPSK modulation for the transmitted symbol. This yields a spectral efficiency of 3 bits/s/Hz. The first bit is used to select the active transmit antenna out of 2 antennas while the second and third bits are used to select the symbol from the QPSK constellation set. Table 1 presents the mapping of this example. However, for wireless SM MIMO systems, the N r × 1 received signal vector at the l th signaling period can be written as
is the transmitted vector related to modulated symbol s transmitted from antenna u at signaling period l, n(l) is the N r ×1 noise vector whose entries are i.i.d. zero mean complex Gaussian random variables with variance N 0 . Substituting (4) into (6) results in
Notice that the first term of the right hand side in (8) It should be noted that this additional noise vector vanishes when the fading environment is under the special scenario of zero mobile speed (i.e., quasistatic fading environment). In addition, as well be shown later, the appearance of this noise due to mobile speeds will cause a notable system performance degradation.
In the next section, we evaluate the ABEP performance of the system model described above through new and generic exact analytical results.
III. PERFORMANCE ANALYSIS
First of all, in line with the improved union bounding technique proposed in [12] to determine the ABEP of SM systems, we can evaluate the ABEP of the SM system model under study and corresponding to the l th signaling period as
are the average pairwise error probabilities (average-PEPs) related to the occurrence of the error only in the constellation symbol, only in the transmit antenna index, and in both the constellation symbol and transmit antenna index, respectively. E s s,u (l), ss ,u (l) , E s s,u (l), s s,ũ (l) , and E s s,u (l), ss ,ũ (l) denote the number of bits in error between s s,u (l) and ss ,u (l), s s,u (l) and s s,ũ (l), and s s,u (l) and ss ,ũ (l), respectively.
By adopting the optimal maximum likelihood (ML) decoder proposed for SM receivers [3] , and given that B(1) is perfectly known at the receiver, the transmitted symbol and the transmit antenna index corresponding to the l th signaling period can be jointly detected as
where p r r|s s,u (1), B(1) is the probability density function of r, conditioned on s s,u and B(1). From (10) and (8), and with the help of the signal detection method used for complex vector space and discussed in [44, Appendix A.2.3], we can obtain the PEP of deciding on vector ss ,ũ (l) given that s s,u (l) is transmitted under the condition of B(1) as
and q(l) = trace B(1)g(l)g H (l)B H (1) with g(l) = s s,u (l) − ss ,ũ (l). By using the moment generating function (MGF) approach [45] , [46] , the average PEP with respect to the channel matrix B(1) can be written as
and M q(l) (ϕ(l)) is the MGF of the random variable q(l) at ϕ(l). From [46] , the trace can be written as
where vec(·) is the matrix vectorization, I N r is identity matrix and ⊗ is kronecker product. Since the matrix g(l)g H (l) is hermitian and B(1) is i.i.d. complex Gaussian, the matrix I N r ⊗ g(l)g H (l) is hermitian and the vector vec B H (1) is i.i.d. complex Gaussian. According to the results demonstrated in [47] , the MGF in (13) can be found as in (15) (17) where 0 N r ×N t and I N r N t are zero and identity matrices, respectively. Considering (16) and (17) in (15) gives
In (18), 
With some manipulations and linear algebra, we have (20) , as shown at the top of this page. Substituting (20) into (18) reduces it as
In the following, we start from (21) to derive the averagePEPs corresponding to the three detection error types described in (9) . When the detection error exists in both the constellation symbol and the transmit antenna index (s =s and u =ũ), we can write I N t − ϕ(l)σ 2 B(1) g(l)g H (l) as in (22) , as shown at the top of this page. Now, it can be shown that
Considering (23) in (21) gives in (24) yields
Substituting (25) into (13) gives
Making use of [48, Eq. 3 .682] to solve for the integral in (26) results in (27) , as shown at the top of the next page, where B(η, µ) and F(η, µ; ξ ; λ) are the Beta and the Gauss' hypergeometric functions, respectively. When the error exists only in the transmit antenna index such that s(l) =s(l) and u =ũ, we may obtain (28), as shown at the top of the next page. Then,
Substituting (29) into (21) gives
and then (27) 
Substituting (31) into (13) gives the average PEP for the case that the detection error occurs only in the transmit antenna index as
Again with the help of [48, Eq. 3 .682], we can obtain (32) ultimately as shown in (33), as shown at the top of this page. The last possible case is that when the detection error occurs only in the constellation symbol such that s(l) =s(l) and u =ũ. This case gives I N t − ϕ(l)σ 2 B(1) g(l)g H (l) as shown in (34) , as shown at the top of this page, and its determinant as
Considering now (35) in (21) gives
and then (37) and the average PEP for this error case can be given by
With the aid of [48, Eq. 3 .682], (38) becomes ultimately as shown in (39), as shown at the top of this page. Finally, substituting the new exact average PEPs given by (27) , (33) and (39) into (9) gives the ultimate approximate expression for the ABEP for the time-varying fading system model under study corresponding to the l th signaling period. Now, by assuming equiprobable symbols in the transmitted L−size data block, we can obtain the per-block ABEP as
It should be noted that substituting ρ = 1 (or mobile speed of zero) in (40) gives the analytical ABEP expression for the special case of quasi-static fading channels. This means that our new theoretical analyses are generic and valid for all time-varying and quasi-static fading scenarios according to the value of ρ described by (3).
IV. ABEP FLOOR
Generally speaking, the influence of the rapidly time-varying fading channels on wireless communication systems is basically represented by the phenomenon that system's ABEP cannot go below a certain error-floor (see [40] and references therein). However, our new analytical results provided in the previous section have another advantage that they help us to quantitatively determine such error-floor for the SM system model under study. Theoretically, the error-floor can be determined by taking the limit of the ABEP in (40) as
To simplify finding the limits in (42), we propose first to write
andd(l) are the amplitudes of the normalized symbols s(l) ands(l), respectively, which are determined according to the employed modulation technique. Considering this in (27) , (33) and (39) along with some arrangements re-expresses them as in (43)- (45), as shown at the bottom of the next page. Now, taking the limit of (43), (44) and (45) as SNR → ∞, gives
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Observe that as the fading channel is quasi-static (i.e., ρ = 1), (46) , (47) and (48) reduce to zero, which means that the system's ABEP performance does not suffer from error floors.
V. NUMERICAL RESULTS
In this section, numerical (using (40)) and Monte Carlo simulation results for the per-block ABEP performance of the time-varying fading SM communication system model under study are presented. The autoregressive channel model described in (1) is used to represent the variations of the channel over a block of L symbols. The Monte Carlo simulations were executed for enough number of channel realizations. 2 Several SM examples are compared under the effect of different parameters, such as the average SNR, the mobile speed in mile-per-hour, the block size, and the carrier frequency. In Figs. 1 and 2 , the per-block ABEP curves of SM system with N t = 2, N r = 2 and BPSK and of SM system with N t = 4, N r = 4 and QPSK are performed for spectral 2 In the Monte Carlo simulation, we did the following: For every signaling period, binary input bits, channel gain matrix under the case of Rayleigh fading and the elements of the zero mean complex Gaussian noise vector were generated randomly. The average bit error probability was calculated as the average of bit error probabilities over very large number of symbol periods. Maximum likelihood decoding was used. efficiency of 2 and 4 bits/s/Hz, respectively. In both figures, block size of 20, carrier frequency of 900 MHz and different mobile speeds are considered. It is observed that the derived analytical results are very close to the simulation results over the low SNR region and completely match with them over the medium and high SNR regions. Notice that the small gap appearing over the low SNR region is due to the union upper bound used in (9) . Also, it is observed that as the mobile speed increases, the system error performance degrades, especially, over the high SNR region. This is due to the fact that the system's fading channels become more time-varying as the mobile speed increases, which reduces the optimality of the ML decoder described in (10) . However, this degradation is represented by irreducible error floors that the system's ABEP can not go below even the average SNR is large enough (These floors were computed using the analytical results in Section IV).
Figs. 3 and 4 show the per-block ABEP performance versus the mobile speed in mile-per-hour at SNR of 12 dB and carrier frequency of 900 MHz for two different SM scenarios. This performance is evaluated for three different block sizes. In both cases, it can be seen that the gap between the analytical and the simulation results are insignificant. From these two figures several observations can be noticed. First, for block size L = 1, the system error performance is not affected by the speed. This is because L = 1 is equivalent to the situation that the receiver knows the channel for all symbol locations in a block, which guarantees optimal ML detection for all received symbols. Second, for L > 1 the error performance degrades as the mobile speed increases. Third, the performance also degrades with the increase of the block size L. This is due to the fact that as the block size increases the time interval between two consecutive channel estimates at the beginning of two consecutive blocks increases, which also reduces the optimality of the ML decoder.
Figs. 5 shows the per-block ABEP performance versus the block size L at SNR of 18 dB and mobile speed of 50 mileper-hour for BPSK SM systems with 2 transmit and 2 receive antennas. This performance is evaluated for three different carrier frequency values of 900, 1800, 2400 and 5900 MHz. As expected, the performance of the SM scheme degrades as the block size increases. Further, as the carrier frequency increases, the system error performance degrades, which is due to the fact that the fading channels become more timevarying at high carrier frequency values (see (1)). 
VI. CONCLUSION
In this paper, we have investigated the error performance of the SM scheme under the impact of the rapidly timevarying Rayleigh fading channels. More specifically, for this system, we have derived new, exact, simplified and closedform average-PEPs formulas, which have been used along with an improved union bounding technique to compute the system's ABEP. The derived expressions have been used to evaluate the system error performance under several practical time-varying fading channel parameters where several significant observations have been obtained. For example, it has been shown that when either the mobile speed or the carrier frequency value increases, the system's error performance degrades. This is due to the increase in the time variation of the fading channel, which reduces the optimality of the ML decoder at the receiver. Further, it has been noted that the increase in the transmitted block size degrades the system's performance due to the increase in the time interval between any two consecutive channel estimates. On the other hand, the new analytical derived expressions of ABEP performance helped us to quantitatively derive the error floor for the SM system's performance which was not obtained in the literature so far. The study in this paper is of great importance for practical system design engineers who are working in modern high mobility communication systems that adopt multiple antenna SM transmission schemes. As a future work, this study could be extended for high speed train (HST) or V2V systems, where Rician fading is more realistic to be assumed for such applications.
